Since the work of Tennant and Wiggers,' it has been recognized that failure of contraction of ventricular myocardium occurs soon after interruption of coronary artery flow, and a similar effect can be produced by infusion of cyanide into a coronary artery ("chemical hypoxia").2 This effect of ischemia could not be attributed to the failure of excitation because stimulation of the ventricle from the center of the ischemic zone could be achieved, indicating that the ischemic area still remained excitable and capable of conducting action potentials.1 Although attention initially focused on the dramatic effects of ischemia on systolic function, it has become apparent that ischemia can also alter diastolic function and, thus, ventricular chamber distensibility.3
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Because of the common occurrence of ischemic dysfunction of the left ventricle and its clinical importance, there has been a great deal of effort devoted to understanding its causes.
See pp 528 and 536 A rise in myocyte intracellular calcium ion concentration, [Ca]2+ , results in the development of contractile force by inducing actin-myosin interaction. In cardiac myocytes, this rise in Ca2' results from Ca2+ influx via the slow Ca2+ channel, which in turn triggers release of Ca2+ from sarcoplasmic reticulum. Thus, a reasonable hypothesis was that the failure of contraction induced by ischemia resulted from a failure of development of the Ca 2 transient, perhaps due to a decrease in Ca 2 influx via the slow Ca2+ channel or in Ca2+ release from sarcoplasmic reticulum. However, direct testing of this hypothesis has had to await the development of methods for measurement on a beatto-beat basis of the changes in the and can be loaded into myocytes either by microinjection or by a chemical loading procedure in which the myocardium is rendered transiently permeable to aequorin by exposure to low-Ca'4 solutions and then allowed to reseal. Recently, fluorescent probes that bind Ca'4 with high affinity and change either their excitation or fluorescence spectra as Ca'4 is bound and released have been developed by Tsien and associates.5 At present, most experience has been obtained with fura-2 and indo-1. These agents can be loaded into myocytes either by direct microinjection or by exposure of myocytes to a membrane-permeant ester, which can diffuse into cells where the ester groups are cleaved by intracellular esterases, releasing the free Ca'2-indicator within the cell. A fluorinated compound has also been developed (`9F-BAPTA) in which the nuclear magnetic resonance spectrum of the 19F component changes as the probe binds and releases Ca'+.6 A thorough consideration of the many technical pitfalls involved in the quantification of [Ca'2]i transients in cardiac myocytes with these various probes is beyond the scope of this discussion. However, studies with different indicators have reported similar levels for end-diastolic and peak systolic [Ca'2]i in cardiac myocytes (100-300 and 700-1,000 nM, respectively).7-9
With the development of this methodology, data have become available on the effects of ischemia or hypoxia on mechanical function and [Ca'2]i transients in intact hearts. Kihara et a19 have reported that a failure of force development can occur during ischemia at a time when the [Ca'4]i transient is still well developed in the perfused ferret heart loaded with aequorin. Lee et al'0 have reported a similar finding in the ischemic perfused rabbit heart loaded with indo-1. In this issue of Circulation," Koretsune and Marban confirm this result in the perfused ferret heart loaded with`9F-BAPTA and subjected to a stable level of hypoxia. These findings in intact perfused hearts are generally consistent with previous results obtained in cultured myocytes12 or papil-lary muscle preparations13 subjected to hypoxia or metabolic inhibition. Thus, at least in intact hearts, although electrical failure will eventually occur in myocardium after prolonged ischemia, a fairly consistent finding appears to be that early contractile failure during ischemia or hypoxia is not necessarily due to a failure of generation of the [Ca'+]i transient but rather to interference with the ability of Ca'+ to produce force generation within the myocardial cell, a hypothesis advanced many years ago by Katz and Hecht.14 An important advantage of the nuclear magnetic resonance methodology for measurement of [Ca2"]i is that it also allows determination of changes in intracellular pH and inorganic phosphate concentration. The experiments of Koretsune and Marban"l demonstrate that the decrease in contractile force during hypoxia is temporally associated with a rise in intracellular phosphate concentration and a fall in pH, both of which can interfere with Ca'+-induced force development by myofilaments.15,16 Koretsune and Marban"l suggest that contractile failure in isolated rat ventricular myocytes exposed to severe hypoxia or cyanide, which seems to be attributable to a marked shortening of action potential duration,17,18 may be an atypical result arising from the relatively short duration of the rat myocyte action potential associated with prominent activation of the ATP-modulated potassium channel in these cells during hypoxia. However, the apparent initial production by cyanide of an intracellular alkalosis instead of an acidosis in these cells19 may also contribute to early maintenance of contractile function after block of oxidative phosphorylation because of the ability of increased intracellular pH to increase myofilament sensitivity to Ca2+. 16 While the above studies have done much to clarify factors responsible for failure of systolic force development during ischemia, the role of altered [Ca2"J homeostasis in diastolic dysfunction during ischemia remains less clear. In their experiments, Koretsune and Marbanll did not detect an increase in enddiastolic [Ca'+]; during moderate hypoxia. However, increases in diastolic [Ca'+]i during ischemia or hypoxia have been detected in the intact heart both by aequorin9 and by indo-1 fluorescence,10 although the latter experiments are complicated by the possible contribution of endothelial cells to the surface indo-1 fluorescence signal.20 This increase in diastolic [Ca'"]i might be expected to decrease distensibility of the left ventricle and thus contribute to ischemic pump dysfunction.3 However, it is apparent that during severe ischemia, as occurs with complete coronary occlusion, the diastolic pressure-volume relation may shift to the right, indicating increased distensibility.2'
During "demand ischemia,''21 in which there is some continuing tissue perfusion, an increase in diastolic [Ca2+]i might be expected to be associated with less accumulation of intracellular metabolites that decrease Ca' sensitivity of the myofilaments; thus, an increase in [Ca2']i could result in decreased diastolic distensibility. We have obtained preliminary evidence supporting this hypothesis by measuring [Ca2+1] and diastolic cell position in paced cultured ventricular myocytes loaded with indo-1 and abruptly exposed to partial metabolic inhibition.22 Inhibition of glycolysis with 2-deoxyglucose resulted in a rapid increase in diastolic [Ca2]i and a corresponding upward shift in diastolic cell position, which are consistent with Ca2induced diastolic force development. In these experiments, intracellular acidosis did not develop, probably because glycolysis was inhibited. However, exposure to cyanide caused an increase in diastolic [Ca2]i with a downward shift in cell position associated with the development of intracellular acidosis. Thus, it seems likely that the effects of ischemia on diastolic as well as systolic function may be quite varied, depending on the extent to which a change in [Ca2+]i is produced, as well as the magnitude of changes in intracellular concentrations of metabolites that alter myofilament [Ca2]i sensitivity.
Changes in [Ca2]i during ischemia may also influence mechanical function of the heart during recovery from ischemia after reperfusion. In this issue of Circulation, Tani and Neely23 report that intermittent ischemia of rat myocardium causes less accumulation of intracellular Ca, a reduced magnitude of 45Ca2+ uptake on reperfusion, and much better recovery of systolic and diastolic function during reperfusion, than does a similar period of continuous ischemia. They suggest that Ca2+ overload during reperfusion may contribute to failure of functional recovery and that maintenance of a relatively low intracellular Na+ concentration in intermittently ischemic myocardium, probably by enhanced function of the Na+,KM-ATPase, reduces Ca2+ overload occurring by Na+-Ca'+ exchange on reperfusion of myocardium after intermittent ischemia. However, intracellular [Ca2+i] increases markedly in myocardial cells during prolonged ischemia or metabolic inhibition9g12,24,25; and it is possible that this increase in [Ca2+]i results in part from reverse Na+-Ca'+ exchange during ischemia.26
Thus, an additional explanation for Tani and Neely's results is that during intermittent ischemia there is a less marked rise in [Ca'+]i in myocardial cells, possibly due to the reduced gain in Na+ under these conditions, and that this also contributes to the improved functional recovery in intermittently ischemic tissue after reperfusion. The degree of elevation in [Ca2+]i during ischemia could have an effect on ultimate recovery by influencing the degree of activation of various Ca2'-dependent proteases and phospholipases as well as by causing mitochondrial dysfunction.2728 Elevation of myocyte [Ca2+]i during metabolic inhibition may also activate Ca'+-dependent protein kinases, which can alter K+ homeostasis and lead to K+ depletion in the postinhibition recovery period. 28, 29 The further development and application of the technology for simultaneous detection of changes in [Ca2+i], intracellular metabolites, and contraction during ischemia and during and after reperfusion should allow direct testing of some of these hypotheses and help to define more precisely the causes of alterations in systolic and diastolic function induced by various degrees and types of ischemia and reperfusion in myocardial tissue.
